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The Rayleigh—Taylor instability of radiatively driven thin copper foils is studied under pure
ablation, as well as with beryllium buffers to provide additional pressure drive, in support of the
target design for Inertial Confinement Fusion. Modeling was done wittRittee adaptive mesh
refinement cod¢R. M. Baltrusaitis, M. L. Gittings, R. P. Weaver, R. F. Benjamin, and J. M.
Budzinski, Phys. Fluid8, 2471(1996] of experiments done on the OMEGA. R. Boehly, D. L.

Brown, R. S. Craxtoret al., Opt. Commun133 495(1997] laser. The copper foils were typically

11.5 um thick with 0.45um amplitude and 4% m wavelength cosine surface perturbations. The
beryllium layer was Sum thick. The drive was a “PS26”-lik¢J. D. Lindl, Phys. Plasmag 3933

(1995] laser pulse delivering peak 160—-185 eV radiation temperatures. Good agreement between
experiment and simulation has been obtained out to 4.5 ns. Mechanisms for late time agreement are
discussed. ©€2001 American Institute of Physic§DOI: 10.1063/1.1354150

I. INTRODUCTION Alamos National Laboratory’®AGE'® adaptive mesh refine-
ment(AMR) code has elucidated these results.

Whenever a lower-density fluid is made to push on a  Our experiments have focused on planar shell targets
higher-density fluid, there is a growth of perturbations on thethat are substantially thinner than the perturbation wave-
surface at the density interface due to Rayleigh—Tayloiength. We have studied the contrasting dynamics obtained
(R=T) instability? The radiation in laser-driven hohlraums with just simple ablative drive, and then with the addition of
can be used to drive such an instabifityVith currently — material pressure drive. We anticipated and observed greater
available laser energies, typically 20 kJ, this instability, atfoil acceleration, and faster Rayleigh—Tayl@&—T) growth
the high-density interfaces provided by metals in air, carwith the extra material pressure. We have focused on Bigh-
only be studied in the motion of thin foils. Radiative ablation shells to see R-T effects associated with high density in the
drives low-density ejected gas that accelerates such*ils. hydrodynamics and high opacity in the radiation transport.
In recent years such ablative Rayleigh—Taylor instability hasAvailable laser energy limited us to copper.
been sedulously scrutinized for an Inertial Confinement Fu-  In what follows, we first describe the laser targets used
sion (ICF) application®’ Low-density plastic foam and the experiments measuring target instability. We discuss
buffer$-1° have been shown to stabilize the imprinting of one-dimensional simulations that show advancing radiation
laser perturbations on irradiation foils, which can be moreprofiles and the resultant driven dynamics of thin copper
beneficial than their material pressure enhancement of thieils. We next examine the effects of a thin beryllium buffer
RT instability of perturbations already in the foil. layer that is used to filter the radiative drive. We then show

Conversely here, we are interested in destabilizing efthat the net drive is calculated to increase when this layer
fects from theadditional pushthat can come from the pres- abuts the foils. We discuss the two-dimensional calculations
ence of a lower-density buffer layéon the drive side of the used to track R—T instability growth. Electron thermal con-
foils abutting the initial surface perturbations. Such layersductivity is found to provide important density profile
have been included as beryllium ablafdrisn ICF capsule smoothing. Mesh refinement tracks the evolving density de-
designs that ignite in one-dimensional calculations. Heretails. Finally, in comparing the experiment and the simula-
however, the extra material pressure from such buffers igon, we find generally good agreement during an early non-
shown to increase the acceleration of foils, and hasten thelinear regime, during which R—T spikes grow 20 times
breakup from R—T instability. We seek to characterize suchihe initial disturbance amplitude. We conclude with a survey
a breakup, both for its ICF implications and for its use inof various adjustments that can be applied to the simulations
validating computer models that guide ICF design. We havéo produce a good match to our experimental data at later
conducted experiments at the Lawrence Livermore Nationaimes.

Laboratory on NOVA! but principally on the OMEGA!

laser at the Laboratory fo_r Laser E_nergeujl:SE_) i_n Roch- Il. EXPERIMENTAL BACKGROUND
ester. Both sets of experiments displayed this increased in-
stability. Detailed modeling withLASNEX?® and with Los Our experiment compared two types of targets. One was

filtered and buffered by a beryllium layer, while the other
was only filtered. Figure 1 shows schematics of our two tar-

*Paper GI3 6, Bull. Am. Phys. Sod5, 123(2000.

"Invited speaker. get classes. We used mm of beryllium in each case to
dElectronic mail: mason@Ilanl.gov provide a constant filtering of the radiation reaching the cop-
1070-664X/2001/8(5)/2338/6/$18.00 2338 © 2001 American Institute of Physics
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FIG. 1. Buffered and filteretop), and bare filtered targets. Position (mm)

FIG. 3. The x-ray backlighter image and corresponding exposure of the
per. For the pure ablative drive the beryllium was set as a fla@rowing perturbations. Fine structure is evident in the spike peaks.

slab spaced 20am beyond the 11..wm copper foil. For the
pressure drive the beryllium was contoured onto the per-
turbed surface of our foils and was in close contact. For oudevelopment of the package. Because of the backlighter
present studies the initial perturbation of the copper surfacegulse-length considerations this period is typically 1.5-2.0
was a single mode, 0.4am in amplitude with a 45um  ns. The image timing separation on a given strip cannot be
wavelength. controlled and is typically about 60 ps. A typical radiograph
At LLE, 45 beams of the OMEGA laser irradiated 1.4 image from a strip is shown in Fig. 3. One sees at least nine
mm radius tetrahedral hohlraums. Each beam typically deliv45 um cycles of the growth from the initial 0.46m ampli-
ered 400 J of 3w, 0.35 um light for a total of 18 kJ in a tude sinusoidal perturbation.
“PS26” pulse. This produced a peak radiation temperature  The analysis of such images proceeds as follows. The
of ~170 eV in the hohlraum, as measured by the Dantémage is digitized. A multiline lineout transverse to the cor-
diagnostic. Twelve additional beams delivering up to 4.4 kxugations records the signal on the backlighter profile. A
were reserved for driving the backlighter for face-on radiog-multiline lineout along the corrugation direction records the
raphy. These beams impinged on a 0.5 mil iron disk produchoise, which shows no three-dimensiortaD) deviations,
ing the 6.7 keV Fe Hgline radiation for imaging the target i.e., none of the transverse periodicity. The signal is decon-
with an XRFC(x-ray framing camenelooking normal to the  volved with the MTF(Modulation Transfer Functiorof the
target, as shown in Fig. 2. The backlighter beams were timémaging systent/® using the measured noise with a stan-
staggered in two groups to radiograph the package during thdard Wiener filter techniqu¥. Then the backlighter spatial
period of interest. The high x-ray energy was needed foprofile is removed by smoothing the logarithm of the decon-
penetrating the copper target and was known to be reliablyolved lineout over the period of the fundamental corruga-
achievable. Ultimately, we found that a higher energy wouldtion. This leaves the log of the backlighter profile, which can
have been advantageous. In all cases, the copper foil in otinen be subtracted out, resulting in the perturbation growth
R-T packages was positioned with spacers 200from the  pattern impressed on the backlighter profile. Since this pat-
opening in the hohlraum wall, and viewed the interior of thetern reflects the transmission through the copper structure,
hohlraum through a small slot. The XRFC camera records 1éhe logarithm represents the effective depth of copper pen-
pinhole images, four on each of its four strips. The timing ofetrated by the x rays. Now Fourier analysis can be used to
the individual strips is also staggered to follow the temporalobtain the growth of the initial sinusoidal perturbation and
subsequent harmonics in terms of the copper opacity inte-
grated through the package. The material does not get hot
enough to affect significantly the copper opacity for 6.7 keV
X rays. Hence, thequivalent cold copper amplitudes the
Pf?(age perturbations are obtained by dividing by the cold copper

Y mil
Fe disk RT

\

Laser Tetrahedral . opacity and density80 cnf/g at 6.7 keV, and 8.93 g/cin
beams hohlraum . Framing respectively.
Camera Even after this procedure the data is still fairly noisy.
Since we have several shdi bare but filtered, and 3 buff-
ered, we can bin the data from different shots into 200 ps
FIG. 2. Schematic of OMEGA experiment. time bins and averagéin-averagey] or average over the
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images on an XRFC strigstrip-averaged In either case,

little growth occurs during a 200 ps interval. Typical expo-

foil by the spacers of Fig. (b). It explodes, with its outer
regions moving toward the driving radiation and reaching

sures, as in Fig. 3, show fine scale grooves in the highe®00 um by 1.9 ns. The filter's mass heads toward the copper
exposure points, corresponding to possible spikes in the ceffieil, striking its expanding outer regions by about 700 ps.

ter of the growing R—T bubbles.

A shaped laser pulsg’PS26") accelerated the foil and
drove the instability, Fig. @). We typically recorded a ra-
diative drive temperature history, Fig(b}, peaking at about
160-185 eV. Heret=0 is somewhat arbitrary, but the drive

After 1 ns roughly the entire filter mass is blowing toward
the driver. The ablating Cu mass reacke<t00 um by 6 ns,
while copper zones clustering near the density peak are
pushed back tax~—350 um by 10 ns.

If the filter is placed at 20Qum or beyond, its presence

is above 100 eV for about 2 ns. We idealized this as théias little hydrodynamic effect on the peak density trajectory

radiation temperatur&, boundary condition of Fig. (¢) for
use in OUrLASNEX andRAGE calculations.

Ill. SIMULATIONS

A. 1-D LASNEX calculations

for the Cu foil. When, for example, we initiated it at 2000
pm, the resultant density trajectory was the same. The filter
does, however, weaken the drive, retarding its arrival at the
copper. We can see this from Figl@y. At 1 ns, when the
drive is at 100 eV in the hohlraum, it is still only 60 eV
adjacent to the foil. However, by 1.3 ns the radiation tem-

Early scoping calculations for this experiment were firstperature profileT, is nearly flat across the filter. Trajectories

performed withLASNEX. For the bare copper foils these cal-

of the foil peak densities show that with remote Be filtering

culations showed, for example, the results of Fig. 5 For ahe foils move most slowly, due to the delay in the drive at
peak radiation temperature of 160 eV, the “PS26” pulsethe foil. In unfiltered light the copper foils move about 25
gives a 40 eV value in the drive region at 1 ns, rises to 85 e\Vum farther by 6 ns. This is shown in Fig(j. Finally, with

by 4 ns, is near its peak at 2 ns, and then starts to push thie Be attached to the foil to provide additional pressure as a

foil to the left in the figure. The foil resides initially a&=0.
By 6 ns its peak density point has movedxe —170 um.
The peak Cu density goes to 16 gftat 2 ns, drops back to
7.5 glent by 3 ns, and to only 4 g/cirby 6 ns. At this late

buffer layer, the copper moves the farthest distance—to a
point ~50 um ahead of the bare filtered foil by 6 ns. We
retained the beryllium filter in the bare copper experiments to
ensure a similar drive on the copper with and without buff-

time the drive just ahead of the density peak is down to onlyering.

40 eV.

More general parameter studies confirmed that, for opti-

In one dimension we calculated mass trajectories thathum pressure acceleration, the beryllium layer should ini-
matched side-on radiography measurements conducted @élly touch the copper. The beryllium layer is largely pen-

NOVA. For OMEGA typical zonalx-t plots for bare Cu

etrated by the radiation at 1 ns. Figure 8 compares at 1 ns the

foils are given in Fig. 6. The radiation is first absorbed by thedensityp and radiative temperaturg, , profiles for a remote

Be layer, which here serves only as a filter. This filter ini-

tially resides 20Qum in front of the foil, separated from the

100

-250 0
x(um)

100

FIG. 5. One-dimensional evolution of filtered bare copper fqag.Radia-
tion temperatureT, history; (b) evolving densities.

Be layer versus an attached Be buffer layer. In each case, the
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X
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FIG. 6. (a) The x-t history of the Langrangian zone boundaries; radiation
delivered from above.
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FIG. 7. (a) The demonstrated delay in the radiative drive near the foil due to
the presence of a Be filtefb) Trajectories of the peak density points for
filtered bare(ii) unfiltered bare, andii) buffered Cu foils. The filtered bare
foil is the slowest.

FIG. 9. A sequence of accelerated bare foils of varied initial thickness.

) ) perturbations. To avoid singularities in the Eulerian calcula-
T, reaches 65 eV in the densest regi¢ps-3 g/cm?) of the  ions the void was actually treated as low density,
Cu, but the copper density is shocked only 1.3-fold in thejg-3 glcnt, air.
bare case. In the buffered case, the beryllium layer is seen For all the calculations reported here the radiative drive
still abutting the fO”, and the shock exhibits a 3.1-fold in- was Supp"ed as a temperature boundary condition on the
crease in density. Additional studies, in which the berylliumright at the 1200um position along thex axis. The buffer
mass was kept constant, but with its initial density artificially|ayer had a cosine profile on both sides, being an equah5
reduced, showed that the greatest drive came at natural, soliflick at all the vertically) positions. Our initial runs were
density. When, for example, they beryllium was treated commade with radiation transport “on,” but electron thermal
putationally as a 0.1 g/cindensity foam, the peak shock conduction “off.” The rapid development of fine-scale den-
density in the copper at 2 ns was 25% lower than with a soligity filaments or “filigree” plagues the results of these runs.
Be buffer, indicating a weaker shocking of the copper by therhis appeared on the drive side of the copper or beryllium.
same drive. Consequently, we avoided the use of foams ithe source of the effect is purely hydrodynamic and persists
our experiments. when the radiation transport is suppressed and the foils are
accelerated by an equivalent push from high-pressure air.
The RAGE mesh has difficulty representing a smooth co-
sine surface profile on the background Cartesian mesh. The
For two-dimensional calculations we found that thesteep density gradients at the copper interface with air or
LASNEX mesh tangled seriously just as important nonlineaberyllium introduces stair-stepped density contours follow-
features in the R—T growth were emerging; therefore, weng the edges of the square mesh elements. The density steps
turned toRAGE. This Eulerian model treats the interfaces serve as short-wavelength seeds for instability. Even with
between the copper, beryllium, and background void and reAMR, the smallest cells must be crossed diagonally by the
gions of steep density and temperature variation with adapsurface interface, with mass fractions apportioned on either
tive mesh refinement. The largest cells in our calculations—side. In a mixed cell the smallest fraction of copper permit-
generally in the void—were 1.126m square. Our smallest ted, for example, is (1/32. We started witm=2 and found
cells—mostly those near the interfaces—were three levelsome reduction in the short-wavelength seeding when we
higher in refinement, i.e., 0.14Q@n on a side. This gave us increasech to 8. The seeding could be further reduced when
320 cells laterally to resolve the initial 46m perturbation, we terraced the interface between the copper and the air or
and 8.6 cells to resolve the @m peak-to-valley amplitude beryllium by introducing one row of cells set at one third
solid copper density. The initial density drop then occurred
over three cells rather than two. This is a somewhat cumber-

B. 2-D RAGE results

20 e some manual procedure, however, We achieved the greatest
(@) 028 g’ smoothing by simply turning on the electron thermal trans-
(g,gms) I Be filtered added pressure | port in RAGE. In our experiment thermal conductivity deliv-
T 501 “wn T1ns)= from Be buffer ers heat to the micro-size filaments and fire polishes them

(eV)

65 eV

FIG. 8. Density andr, profiles at 1 ns foa) the bare filtered Cu foil, and
(b) the Be-buffered foil—with buffering a layer of Be is still “leaning” up

20
x(pum)

——
s Be buffer 20

away.

First, when we examined a calculated sequence of bare
filtered foils under the same “PS26” drive, with initial
thickness ranging from 15 down to 1m, and all at 5.6 ns,
we found properly, that the thinner, fastest moving foils de-
veloped the longest spikes, as in Fig. 9, helping us to “tune”
our experiments. Note that the adaptive mesh refinement al-
lows for high resolution at the material interfaces. We see

against the Cu to give it the additional push that leads to the stronger shockhat the 11.5um foil has developed spikes30 um long.
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0 FIG. 11. Perturbation growth in the buffered féd is greater than with the
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FIG. 10. The buffered foila) shows greater acceleration at 4 ns and the

development of a strong central density featlg;is the bare foil. ducedpR measurement, as we looked slightly across a spike

instead of straight down its extent. Simulations of this effect

We shall see that this presents a problem for our experimeHU,bL_jfferid foils shqwed, however, that as much as an unre-
tal diagnostics. alistic 20° observation angle would be needed to reduce the

Comparing our calculations employing electron thermalc""lm"l(";lted first harmonic amplitude from9 um to the ob-
conductivity for the buffered and bare foil accelerations, wesServed sum ‘_"‘t_5'_5 ns. . .
Second, it is likely that the effective temperature driving

find that the pressure from the beryllium buffer does, indeed he foil | b h 4 in the hohl
provide an extra push to the copper foil. The two foils start aﬁt € foiis was lower than that measured in the hohlraums _at
the x=600 xm position in Figs. 1(8) and 1ab). The figure ate time, by_ v_|rtue of energy loss at the edges of the foll
illustrates that in response to a 160 eV peak drive tempera{md(""g.e as it lifted off the hohlraum wall. The spadtig.

1) holding the package allowed for some leakage, even at

ture the buffering drives the center of the copper foil &@ 7 ) . .
farther to the left by 4 ns. The buffered foil develops a stron t.—O. We crudely modeled this effect by truncating the radia-
tive drive after 2.2 ns, when the copper was calculated to

central filament in the R—T bubble, and side fingers indica-

tive of increased second and fourth harmonic growth. BotH{"°V¢€ off the hohlraum through its initial 1am thickness.

targets show the development of spikes adjacent to the Wal‘\é\/t?o?lij:t?) tg:;é?'z C‘g:'(? fl())rrlnbgomethbetjf:i?:ir?(?tzeigi 5'?;

exceeding 3Qum in length. Figures 1(B) and 11b) show the
g 3 g g 1&) 1b) |.monics. However, the unbuffered data are better matched

modal growth with time of the disturbed amplitude, as cal-"". ) ) )
culated withRAGE; only the first and second harmonics are without truncation, possibly because It separates from the

plotted. We post-processed the code output to obtain valué%Ohlraum more slowly.

_ - ; Finally and most significantly, we consider that for suf-
of pR=[p(x,y)dx at 40 lateral positiony. The pR contri- - ) ; . : C
butions from any initial beryllium and the vacuutfow- ficiently long spikes the transmitted backlighter signal is in

density aij were subtracted away. The result was then githe nOiSE of thtra]’?c/ietictor. Ehe opacity of Cblf s a nearlyl con-
vided by the initial copper density to determine a foil stantK, =80 cnf/g (from the SESAME tables appropriate

thickness at the various lateral positioméy). This was Fou- t0 50120 eV material temperatures, the observed Cu shell

rier analyzed to yield the modal amplitudes. At 4 ns the firstdenSitieS’ and for the 6.7 keV iron irradiatjorh.et 7(y) be

four modal amplitudes in the buffered cads are 6.6, 4.0, the equivalent cold copper fchickness of the foil at_a distance
2.4, and 1.0um, summing to 14.Qum. Higher-order modes ytransye_r_se to the_corrugatlon§(y) an effectwe_thlck_ness,
(to about the tenthsum to another um and are needed to lo the mmal backlighter mtensyty, an.dl the noise S|gna|,
produce the large spikes, top and bottom. respectively. The observed signal in the foil radiograph
then becomes) =1yexd —pK,n(y)]+N=Ilyexd —pK,7(¥)].

Should the true copper thickness in a spike become ex-
tremely large, 7(y)—oe, the radiograph will still register
I=N, equivalent to a maximal effective thickness,(y)

We also compare our data from the OMEGA experi-— — (1/pK,)log{N/lo}=—14.0 lodN/lo} um. If we can
ments with oURAGE predictions in Fig. 11. Each data point measure down to leveM/I;=0.15, i.e., 15%, of the initial
is a strip average, as discussed with Fig. 3. The predictethtensity, we would record spikes of maximal length,
first-order perturbationgdetermined as aboyestart at 0.45 =26.0um. This effect cannot be deconvolved from the data,
um and grow beyond @m in equivalent amplitudéeffec-  but we can apply it to the simulations.
tive length by 6 ns. Our calculations for the first and second  Figure 12 shows theAGE predictions adjusted for such
harmonic growth are in good agreement with the data untipossible minimal sensitivitiedl/I ; ranging from 20% down
about 4.5 ns for the bare copper, and to 4.0 ns for the buffto 10%. Here, we Fourier analyzed the effective thickness
ered copper foil, when the data appears to saturate. Te, extracted the first and second harmonics, and plotted

As a probable explanation for this discrepancy, we notedhem with the corresponding experimental data. We see that
that our observation of the backlighter was not truly face-orthe first harmonic data is best matched for a minimum sen-
but was instead, typically, up to 4° to the side due to parallasitivity between 15% and 20%. The second harmonic is still
of the framing camera geometry. This would lead to a re-only matched out to 4.5 ns.

IV. COMPARISON OF EXPERIMENTS AND
CALCULATIONS

Downloaded 22 May 2001 to 128.165.156.80. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



Phys. Plasmas, Vol. 8, No. 5, May 2001 Long term instability growth of radiatively driven . . . 2343

15% design applications. It provides useful validation for our
emergingrRAGE model. In our simulation of modal growth,
amplitude reductions from backlighting at an angle prove to
be minimal, and the effects of moderate variations in the
peak hohlraum temperature are inconclusive. Finally, the
measured spike growth amplitudes appear to saturate due to
the range-related loss of the probing backlighter illumina-
tion. Good numerical agreement with our first harmonic
measurements is achieved, assuming a loss of the backlighter
transmission beyond 20—2@m of copper, corresponding to
FIG. 12. The first and second modal amplitudes are plotted for both the datﬁtror_]g_ly dlmml‘cfhed m_Strum_ent SenerN'tY at 20%-15% of
and the adjusteaace predictions. Therace amplitudes versus time are the initial backlighter intensity. Examination of the second

plotted for an effective thicknes(y), assuming noise levels/1,=0.1, harmonic and higher harmonic data warrants further scru-
0.15, and 0.2. tiny.

-]

= amplitude (Lm)

0 t(ns) 6
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